Abstract. Aberrant activation of transglutaminase 2 (TGase2) contributes to a variety of protein conformational disorders such as neurodegenerative diseases and age-related cataracts. The accumulation of improperly folded proteins in the endoplasmic reticulum (ER) triggers the unfolded protein response (UPR), which promotes either repair or degradation of the damaged proteins. Inadequate UPR results in protein aggregation that may contribute to the development of agerelated degenerative diseases. TGase2 is a calcium-dependent enzyme that irreversibly modifies proteins by forming crosslinked protein aggregates. Intracellular TGase2 is activated by oxidative stress which generates large quantities of unfolded proteins. However, the relationship between TGase2 activity and UPR has not yet been established. In the present study, we demonstrated that ER stress activated TGase2 in various cell types. TGase2 activation was dependent on the ER stress-induced increase in the intracellular calcium ion concentration but not on the TGase2 protein expression level. Enzyme substrate analysis revealed that TGase2-mediated protein modification promoted protein aggregation concurrently with decreasing water solubility. Moreover, treatment with KCC009, a TGase2 inhibitor, abrogated ER stress-induced TGase2 activation and subsequent protein aggregation. However, TGase2 activation had no effect on ER stress-induced cell death. These results demonstrate that the accumulation of misfolded proteins activates TGase2, which further accelerates the formation of protein aggregates. Therefore, we suggest that inhibition of TGase2 may be a novel strategy by which to prevent the protein aggregation in age-related degenerative diseases.
Introduction
Aberrant accumulation of protein aggregates is a key characteristic of several age-related degenerative disorders (1) . During life, cells are chronically exposed to oxidative stress resulting from mitochondrial inefficiency or dysfunction, which can cause a variety of oxidative modifications to proteins such as thiolation, glycation, phosphorylation and deamidation (2) . The oxidatively damaged proteins are prone to form into tangled aggregates by non-enzymatic reaction unless they are degraded by the ubiquitin-proteasome system in a timely manner (3) .
Transglutaminase 2 (TGase2) is a member of a family of enzymes that post-translationally modify proteins by catalyzing an acyl transfer reaction between the γ-carboxamide group of protein glutamine residues and the ε-amino group of lysine residues (protein cross-linking), or polyamines (protein polyamination) (4) . The transamidation activity of TGase2 is calcium-dependent and produces irreversible protein polymers that are resistant to proteolytic degradation (5) . Thus, TGase2 plays a crucial role in the formation of insoluble protein aggregates and has been implicated in the pathogenesis of many diseases termed 'conformational diseases' (4) . For example, TGase2 may contribute to the formation of crystallin polymers in age-related cataracts (6) , the aggregation of huntingtin protein with an expanded polyglutamine domain as occurs in Huntington's disease (7) , and the accumulation of insoluble neurofibrillary tangles and β-amyloid plaques in Alzheimer's disease (8, 9) . We recently demonstrated that reactive oxygen species (ROS) activate intracellular TGase2 in various cell types (10) and that the transforming growth factor β (TGFβ) signaling pathway is involved in TGase2 activation (11) . However, the role of TGase2 in cellular responses to other stressors remain to be elucidated.
The accumulation of misfolded proteins in the endoplasmic reticulum (ER) can trigger a specific stress response called the unfolded protein response (UPR) (12 (β-ME; permeable reducing  agents) , and thapsigargin (TG; inhibitor of the Ca 2+ pump in ER) induce the UPR response. The UPR pathway is important for regulation of normal cellular homeostasis and may also play key roles in the pathology of conformational diseases (13) . Cells can employ different UPR programs depending on the level of ER stress (14) . In response to moderate stress, cells reduce the cellular burden of improperly folded proteins by attenuating de novo protein synthesis through phosphorylation of the protein translation initiation factor 2 (eIF2α) and by inducing the expression of chaperone proteins, including several glucose response proteins (GRPs). By contrast, sustained and unresolved ER stress may trigger programmed cell death through activation of activating transcription factor 4 (ATF4), ATF6, CCAAT/enhance-binding protein homologous protein (CHOP) and caspases (12, 13, 15, 16) . Moreover, at the cellular level, ER stress induces an increase in intracellular Ca + concentration and ROS generation (14, 17) . Of note, these intracellular conditions are known to activate in situ transamidation activity of TGase2 (10, 11, 18, 19) , suggesting that the aggregate formation of misfolded proteins is accelerated by TGase2-mediated protein modifications. Thus, it is reasonable to investigate the likely relationship between protein misfolding stress and TGase2 activity. In the present study, we found that ER stress induces TGase2 activation in various cell types, including lens epithelial cells, and that the activated enzyme plays a critical role in the formation of protein aggregates.
Materials and methods
Cell culture. Human lens epithelial (HLE-B3), erythroleukemia (K562), cervical carcinoma (HeLa), and neuroblastoma (SH-SY5Y) cell lines were cultured as previously described (10) . For UPR activators, cells were treated with culture media containing β-ME (Sigma, St. Louis, MO, USA; 7.5 mM), DTT (Sigma; 3 mM), TG (Sigma; 1 mM) or TM (Sigma; 5 µg/ml) for the indicated times and then maintained in culture until analysis. KCC009, a specific chemical inhibitor of TGase2 (20) , was added at a concentration of 125 µM to inhibit transamidation activity. To differentiate SH-SY5Y cells, the cells were treated with 5 µM retinoic acid (RA) (Sigma) for 1 day before induction of ER stress.
Measurement of intracellular calcium. Ca 2+ levels were measured by fluorimetry using the Fluo-4AM (Molecular Probes, Carlsbad, CA, USA). Approximately 3x10 4 cells were grown overnight in a 96-well microplate. After exposure to ER stress, the cells were incubated with 100 µl of assay buffer (Hanks' balanced salt solution in 20 mM HEPES, pH 7.4) containing 5 µM Fluo-4AM at 37˚C for 30 min and for an additional 30 min at room temperature. The cells were then washed with the assay buffer 4 times, and then the intensity of fluorescence was measured using a fluorescence microplate reader (Cary Eclipse; Varian, Palo Alto, CA, USA) with excitation set at 488 nm and emission set at 516 nm. After reading, the cells were stained with crystal violet (Sigma) to normalize the fluorescence value. Intracellular Ca 2+ levels were expressed as the ratio of values in ER stress-exposed cells to that of untreated cells. EGTA (1.5 mM) and BAPTA-AM (20 µM, Molecular Probes) were used for calcium chelation.
In situ transamidation assays. In situ TGase2 activity was measured by determining the biotinylated pentylamine (BP) incorporated into cellular proteins. Cells were incubated with 1 mM BP (Pierce, Rockford, IL, USA) for 1 h prior to harvesting, and then the cell extracts were prepared by sonication in phosphate-buffered saline (PBS) with a protease inhibitor cocktail, followed by centrifugation (14,000 x g, 10 min at 4˚C). For the solid-phase microtiter plate assay, cell extracts (0.2 mg/ml, 50 µl/well) in coating buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 5 mM EGTA, 5 mM EDTA) were added to each well of a 96-well microtiter plate. In situ TGase2 activity was evaluated by determining the incorporated BP using HRP-conjugated streptavidin (Pierce), followed by reaction with O-phenylenediamine dihydrochloride (Sigma). Assays were quantified by measuring the absorbance at 490 nm on a microplate spectrophotometer (Molecular Devices). In situ TGase2 activities were normalized by subtracting values representing endogenous biotin-conjugated proteins that were obtained without the addition of biotinylated pentylamine. In situ TGase2 activity was presented as folds of activation, compared to non-treated experiments. Western blot analysis was performed by subjecting the cell extracts (30 µg) to SDS-PAGE using a 12% gel, and the proteins were then transferred to nitrocellulose membranes. The proteins incorporated with BP were probed with HRP-conjugated streptavidin, followed by chemiluminescence detection (Pierce).
Western blotting. The cell extracts (30 µg) were separated on 12% SDS-PAGE gels following preparation in RIPA lysis buffer (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Protein levels were assessed by probing with monoclonal antibodies specific for TGase2 (21) and β-actin (Santa Cruz Biotechnology, Inc.). To investigate the TGase2-catalyzed crosslinking of lens proteins, whole cell extracts were prepared by sonication in homogenate buffer (50 mM TrisCl, pH 6.8, 6 M urea, 2% SDS, 40 mM DTT and a protease inhibitor cocktail) and further centrifuged at 12,000 x g for 10 min at 4˚C. Proteins were quantified using the BCA method (Pierce), resolved on 6-15% SDS-PAGE gels, and subsequently analyzed using antibodies specific for αB-crystallin (Stressgen) and vimentin (Santa Cruz Biotechnology, Inc.). For the solubility experiments, cell extracts were separated into the water-soluble and water-insoluble fractions as previously described (11) .
Cell viability assay. Cell viability after treatment with UPR stress was determined by MTT assay (Sigma) according to the manufacturer's protocol. The reduction of MTT reagent was quantified after 4 h by measuring the absorbance at 570 nm on a microplate spectrophotometer (Molecular Devices).
Statistical analysis. All data on TGase2 activity and cell viability were analyzed using one-way or two-way ANOVA with Bonferroni post-tests. All analyses were performed using GraphPad Prism 5.0 statistical software (GraphPad Software, La Jolla, CA, USA). Statistical significance was defined as p<0.05 or p<0.01.
Results
The aberrant activation of TGase2 accelerates the pathological misfolding/aggregation of proteins (10, 11) . To test whether ER stress activates TGase2, we measured the intracellular transamidation activity in the HLE-B3 cells following treatment with β-ME. In situ activity of TGase2 was monitored by incubating the cells with BP and by measuring the BP-incorporated proteins in the cell extracts using a well plate or SDS-PAGE assay. As shown in Fig. 1A and B, treatment with β-ME significantly increased intracellular TGase2 activity, peaking at 4 h after treatment. The level of TGase2 protein was little affected under this condition (Fig. 1B) , suggesting that latent TGase2 present under normal culture conditions was activated by ER stress as previously observed in the case of the oxidative stress (10,11) . In addition, treatment with KCC009, a chemical inhibitor for TGase2 abrogated the β-ME-induced increase of TGase2 activity (Fig. 1C) .
We next evaluated whether other ER stress-causing agents affect the TGase2 activity in HLE-B3 cells. As shown in Fig. 2 , in situ TGase2 activity was similarly increased with little change in the protein levels following treatment with most UPR activators, including DTT, TG, and TM. Supraphysiological stressors, such as DTT and β-ME, rapidly increased the TGase2 activity at ~4 h. By contrast, treatment with TG or TM reached a peak of induced enzyme activity by 24 h, indicating that each ER stress exhibited distinct TGase2 activation kinetics. Since the transamidation activity of TGase2 is calcium-dependent (22) , intracellular calcium concentrations were measured following treatment with different ER stress inducers. In correlation with the observed time-dependent rise in TGase2 activity, Ca + concentrations in Figure 1 . Treatment with β-ME activates TGase2 in HLE-B3 cells. (A and B) HLE-B3 cells were exposed to β-ME (7.5 mM) for the indicated times. Cells were incubated for 1 h with BP (1 mM), and intracellular TGase2 activity was determined by microtiter plate assay (A) and western blot analysis (B). Streptavidin-HRP (St-Avidin) was used to detect the BP incorporated into the proteins. ** p<0.01 compared to 0 h. (C) In situ TGase2 activity in HLE-B3 cells exposed to β-ME for 4 h in the absence or presence of the indicated concentrations of KCC009. Relative TGase2 activity is expressed as the fold-change compared with the values for non-treated cells. Results are presented as means ± SD (n=3). ** p<0.01 compared to cells in the absence of KCC009 (two-way ANOVA with Bonferroni post-test). β-ME, β-mercaptoethanol; BP, biotinylated pentylamine; W.B., western blot; N.T., not treated.
Figure 2. Various ER stress-causing agents activate TGase2 in HLE-B3 cells. (A and B)
In situ TGase2 activity in HLE-B3 cells exposed to β-ME (7.5 mM) or DTT (3 mM) for 4 h and TG (1 mM) or TM (5 µg/ml) for 24 h. Enzymatic activity was determined by microtiter plate assay (A) and western blot analysis (B). ** p<0.01 compared to N.T. N.T., not treated; β-ME, β-mercaptoethanol; DTT, dithiothreitol; TM, tunicamycin; TG, thapsigargin; W.B. western blot.
HLE-B3 cells rapidly increased with DTT, but increased more gradually over 24 h following TG or TM treatment (Fig. 3A) . In addition, Ca 2+ chelation by BAPTA-AM or EGTA abrogated the effect of TM on TGase2 activity (Fig. 3B and C) , indicating that an elevated intracellular Ca 2+ concentration is required for enzyme activation. The increased TGase2 activity stimulated by DTT was partially attenuated by the presence of EGTA; however it was little affected by treatment with BAPTA-AM ( Fig. 3B and D) . The TGase2 protein level was also similar in all of the conditions tested. Therefore, these results demonstrate that UPR increases intracellular calcium ion concentrations that activate TGase2.
To gain insight into the potential pathophysiological roles of TGase2, we evaluated whether TGase2 modifies individual lens proteins upon ER stress. To address this issue, proteins cross-linked with BP by TGase2 were isolated using streptavidin pull-down and subjected to western blot analysis. BP modification of αB-crystallin and vimentin was observed specifically in cells treated with TM or TG, but it was inhibited by treatment with KCC009 (Fig. 4A) . Previous studies report that the lens proteins modified by TGase2 in response to oxidative stress or TGFβ stimulation were dimerized and showed decreased water solubility (10, 11) . Similarly, treatment with each UPR activator tested led to the formation of high-molecular-weight protein of αB crystallin, but not vimentin (Fig. 4B) . When the cell extracts were separated into water soluble and insoluble fractions, both αB crystallin and vimentin proteins in the water-insoluble fraction increased in the cells exposed to ER stress (Fig. 4C) . Moreover, KCC009 significantly inhibited the protein cross-linking and water insolubility of lens proteins stimulated by treatment with TG and TM, but not DTT (Fig. 4B and C) . These results demonstrate that the activation of TGase2 under ER stress conditions plays a pivotal role in the formation of water-insoluble aggregates of lens proteins.
Next, we investigated whether ER stress activates TGase2 in other types of cells. As shown in Fig. 5 , ER stress inducers increased TGase2 intracellular activity in most of the cell types evaluated, including human erythrocarcinoma (K562; Fig. 5A and B), cervical cancer (HeLa; Fig. 5C ) and neuroblastoma (SH-SY5Y; Fig. 5D ) cell lines. These results indicate that the activation of TGase2 is not specific to lens epithelial cells. Moreover, treatment of SH-SY5Y cells with retinoic acid (RA) induced the expression of TGase2, and it may play an important role in cell survival (23) (24) (25) . When SH-SY5Y cells were pre-treated with RA, the protein level of TGase2 increased (Fig. 5E ). Under this condition, ER stress further increased in situ TGase activity in SH-SY5Y cells (Fig. 5D ). When cell viability was evaluated following exposure to ER stress, little significant difference in cell death was noted between non-treated and RA-treated SH-SY5Y cells (Fig. 5F ), suggesting that UPR-induced cell death was independent of TGase2-mediated protein aggregation. 
Discussion
The present study demonstrated that ER stress activates transglutaminase 2 (TGase2) in several cell types which subsequently plays a causal role in the formation and accumulation of intracellular protein aggregates. The TGase enzyme family consists of 8 enzymes, TGase1 to TGase7, and Factor XIIIa. Each TGase isoenzyme shows a restricted pattern of tissue distribution where it plays a specific function, such as the formation of the barrier structure in skin (TGase1, TGase3 and TGase5), formation of fibrin aggregates in blood clots (coagulation Factor XIIIa), and generation of the post-coital plug of seminal fluid (TGase4) (26) (27) (28) . By contrast, TGase2 is unique among the TGase family members in its ubiquitous tissue expression and widespread subcellular localization (22) . In the lens epithelium, TGase2 is the major TGase isoform and was found to induce the formation of lens protein aggregates in response to UV-irradiation and oxidative stress in a lens organ culture model of cataract (11, 29) . In the present study, we showed that several of the ER stress-causing agents tested increased the in situ transamidation reaction in lens epithelial cells (Figs. 1  and 2 ). Moreover, ER stress-induced protein aggregation was reduced by treatment with a chemical inhibitor for TGase2 (Fig. 1C ). These results demonstrate that unfolded or misfolded proteins produced by oxidative stress activate TGase2 leading in the accumulation of protein aggregates.
Previous studies have shown that intracellular TGase2 activity does not correlate with its protein expression level and that TGase2 activation is cell type-dependent (10) . Under normal culture conditions, intracellular TGase2 activity was not observed in lens epithelial cells despite of the high TGase2 protein level (Figs. 1 and 2 ), indicating that control of this enzyme is tightly regulated in the intracellular environment. The transamidation reaction of TGase2 is dependent on the intracellular calcium level (30) . UPR activators evaluated here increased the intracellular concentration of Ca 2+ , and Ca 2+ chelation prevented TGase2 activation by UPR (Fig. 3A and  B) , indicating that the rise in intracellular Ca 2+ could explain the observed increase in TGase2 activity despite of little change in its protein level. However, DTT treatment activated TGase2 even in the presence of BAPTA-AM ( Fig. 3B and C) , suggesting that other cellular factor(s) may be involved in the regulation of TGase2 activity in response to DTT treatment.
In the present study, we employed a lens epithelial cell line to investigate the role of TGase2 in the formation of intracellular aggregates of misfolded proteins. For this purpose, lens tissue may provide several advantages since lens epithelial cells have a much simpler protein complexity and accumulate oxidatively modified proteins without degradation (31) . A single layer of lens epithelial cells differentiates into fiber cells, which make up the lamellae inside the lens without replacing the older fiber cells (31) . The misfolding of lens proteins such as crystallins and vimentin is easily monitored using dimerization and water-solubility as assessed by western blotting (Fig. 4) . Moreover, lens protein aggregation can be easily detected by the development of lens opacity (11) . Thus, ex vivo lens organ culture and in vivo animal models may be excellent systems for the development of pharmaceuticals that inhibit the protein aggregation caused by a variety of forms of cellular stress.
Our results showed that TGase2 was also activated by ER stress in other cell types including neuroblastoma cells. Of note, it is known that TGase2 post-translationally modifies several aggregation-prone proteins such as amyloid β-peptide, tau, α-synuclein and huntingtin (7) (8) (9) 32) . In particular, treatment with cystamine, a TGase inhibitor (33) , or ablation of TGase2 (34) delays the onset of neurological symptoms and improves the life expectancy of Huntington's disease model mice, suggesting that aberrant activation of TGase2 may be involved in the formation of insoluble aggregates in neurons through protein modification during ageing. Several studies have indicated that the induction of TGase2 during RA-mediated differentiation plays a protective role against neuroblastoma cell death following exposure to excitotoxic or inflammatory stress (23, 24) . However, another study reported that TGase2 enhanced β-amyloid 1-42-induced apoptosis (25). In the present study, RA pre-treatment had little effect on the viability of SH-SY5Y cells exposed to ER stress (Fig. 5F ). Thus, further study on the unknown cellular function(s) of TGase2-mediated protein aggregation under stress conditions is required to precisely understand the pathophysiological role of this enzyme.
